Projected Climate Change and Impact on Bioclimatic Conditions in Central and South-Central Asia

Introduction
Overview
In this report, we summarize the current and future projected status of a set of bioclimatic indicators and the expected impacts of climate change on the spatial distribution of bioclimatic conditions within the five central Asian (Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan) and two south-central Asian countries (Afghanistan and Pakistan). Results and conclusions are presented for the combined region as a whole, and individually by country, based upon a geospatial analysis of spatially interpolated weather station data averaged over 40 years, from 1960 A modelling approach based on a simple in-situ soil-water balance model, and a statistically derived environmental stratification is used to predict and understand the nature and magnitude of projected changes in the spatial distribution of bioclimatic conditions across central and south-central Asia by the year 2050, based on the multi-model ensemble of downscaled (1-km resolution) CIMP5 Earth System Model projections. This overview and analysis is intended to provide a basis for, and a first step towards, understanding the potential impacts of climate change across central and south-central Asia in the near to medium term (i.e. 2050, represented as a 30-year average of the period 2035 to 2065) on terrestrial ecosystems, biodiversity, agricultural production, and pastoral systems. Both the regional environmental stratification (CA_EnS), and the analysis of projected change in spatial distribution of bioclimatic conditions can provide important inputs and a knowledge base for climate change adaptation planning and policies, and, in particular, for the design and implementation of agroforestry practices, environmental conservation efforts, and sustainable development.
Climate change is and has been on-going, and is already evident and widely observed across the region. Meteorological data series for Central Asia have shown a steady increase of annual and winter temperatures since the beginning of the 20 th century. In line with predictions by global climate change models generally, the frequency of droughts has been observed to increase over the last few last decades, highlighting the predicted increase in inter-annual, as well as intra-annual variability and frequency of extreme events.
Overall, the results of our spatial analysis based upon the CIMP-5 Earth System Model projections indicate a fairly quick and drastic change in the spatial distribution of bioclimatic conditions across the central and south-central region, and predict significant and increasing biophysical and biological perturbation for biodiversity, ecosystems and ecosystem services, and agricultural and pastoral production systems, in the near-to medium-term future under all scenarios. The magnitude of predicted change indicated by our analysis points to a prolonged period of profound impacts on terrestrial ecosystems, biodiversity, and ecosystem services across central Asia, well under way by 2050 as a result of warming and climate disruption, and the shifting of bioclimatic conditions spatially, particularly within mountainous terrain. As the century progresses, this change will have increasingly substantial and direct impacts on ecosystems, biodiversity, agricultural crops, pastoral systems, water resources, as well as human health and livelihoods throughout this region. Likewise, effectiveness of conservation efforts will be affected, as ecological conditions across the region may change beyond limits conducive for the species currently found within narrow niches or designated protected areas, or allow for newly invasive species.
The major conclusion to be drawn from this report is the overriding necessity to recognize the now central role of a rapidly changing climate and environment across the central and south-central Asian region, and the need to plan for adaptation within almost all aspects of sustainable development and conservation planning, efforts and policy.
Background
Although there are great uncertainties in our understanding of future climate and climate change, it is generally recognized that central Asia and south-central Asia, like other ecologically arid and/ or semi-arid regions of the world, and like other economically less-developed countries, are likely to be highly vulnerable to future anticipated climatic change and associated ecological perturbations (Lioubimtseva and Henebry, 2009; Pilifosova et al, 1997) . Improving our understanding of the nature of these changes in bioclimatic conditions, both in the near to medium term, as this study focuses on (i.e. 2050), and/or in the longer term (i.e. by the end of the century), is essential to provide the knowledge base and allow for science/evidenced-based decision-making for adaptation and sustainable environmental planning. Regional vulnerability and adaptation to changing climatic conditions include both biophysical and socio-economic dimensions, with climate change being one of many factors within a complex matrix of on-going change processes, including globalization, market integration, and regional socio-economic and cultural change. Nevertheless, climate change will have increasingly substantial and direct impacts on ecosystems, biodiversity, agricultural crops, pastoral systems, water resources, as well as human health and livelihoods, throughout this region as this century progresses.
The physical geography of central and south-central Asia, dominated by deserts and semi-deserts with scarce water resources, in addition to a legacy of central planning and historical reliance on monocultural agricultural production for export, the recent post-Soviet economic collapse and upheaval, and a state of relative under-development, leaves this region particularly vulnerable to climateinduced disruption. More specifically, the low levels of precipitation which are the norm across the region mean that ecological and agricultural systems may already be water-stressed or heavily reliant on groundwater or other non-sustainable irrigation sources, close to minimum thresholds, and/or face other related issues such as desertification, salinization, and/or land degradation.
Geographic regions and socio-economic groups that are already vulnerable to contemporary climate variability and extreme weather events are very likely to become more vulnerable in the future. However, a long historical experience of indigenous ecological knowledge, adaptive strategies and coping skills, developed within the context of, and specifically in response to highly variable precipitation and other bioclimatic conditions provides the basis for adaptation strategies and local responses. Likewise, high levels of local and indigenous agro-biodiversity, particularly fruit and nut trees, and local livestock landraces, provide important genetic resources for future adaptive responses and provide economic opportunities which may result from changed bioclimatic conditions.
Regional climate and climate change
Both central Asia and south-central Asia have a generally arid and semi-arid continental climate. Hot, cloudless, dry summers, and with relatively warm, moist winters in the south and cold winters with severe frost in the north, are typical of central Asia. Key features of central Asia's climate are a pronounced degree of aridity and large seasonal temperature fluctuations, typical of continental climates un-buffered by oceanic influences, and including a constant moisture deficit and low relative humidity. High mountains in the southeast and east of central Asia act as a massive barrier between cold northern Eurasian airflows, and warm southern ones primarily from the Indian Ocean. The warmer, humid oceanic airflows coming from the oceans to the south are blocked by these formidable mountain ranges of the Hindu Kush and western Himalaya, creating a massive rain-shadow effect covering all of central Asia. Within this general context, however, there is substantial variability and variation in climatic regimes throughout most of the region.
Most existing literature on climate and environmental change in central Asia is in Russian (Lioubimtseva et al, 2005) and, consequently, generally outside the purview of the international community, although more recently this has begun to change. However, the importance of climate variability in central Asia has been an important topic to Russian-speaking scholars for some time. For example, the decline of the classical and medieval civilization of Turkistan has been attributed to an increase in aridity, although this hypothesis has been rejected by other researchers, who claim that the climatic and environmental changes seen in central Asia over the last millennia have been caused by human activities. The question posed more than 60 years ago, "is central Asia getting drier?" (Markov, 1951) , still remains pertinent today, and unresolved. Likewise, the question of climatic change versus human-induced environmental change continues to be debated and strongly interlaced and interdependent within the region, for example, local land use changes, such as massive irrigation, overgrazing and consequent desertification processes are evident.
Although there has been significant progress and a growing understanding of global climate change, a substantial level of uncertainty still exists in the prediction of responses, particularly within arid regions, to global and regional natural, and human-induced climate change. Nevertheless, climate change is already evident in the region. Since the beginning of the 20 th century, meteorological data series for central Asia indicate a steady increase of annual and winter temperatures (Conrad et al, 2012; Lioubimtseva et al, 2005) . Similarly, the frequency of droughts has reportedly increased over the last few last decades, particularly in Kazakhstan, Turkmenistan and Uzbekistan (Dukhovny and Ziganshina, 2011) , i.e. the downstream and more water dependent countries. Severe droughts in the region in 2000-2001 reduced incomes of rural population, with a recovery period of five years for household economies to return to normal levels (Dukhovny and Ziganshina, 2011 ).
An overview of projected trends for anticipated and modelled climate change across the central Asia region, as published to date (mostly based on IPCC Fourth Assessment Report (AR4) -Special Report on Emissions Scenarios (SRES) scenarios), generally indicate that the magnitude of these affects will impact substantially upon land cover, land use, and agricultural production, with an expected increase in temperature, averaged across the region, of approx. 1-2°C by 2030-2050 (Lioubimtseva et al, 2005) . For example, these projected effects of climate change, particularly if they include reduced precipitation or increased water scarcity due to increased potential evapotranspiration, could affect crop yields and natural pastures, and impact food security and rural incomes (Bobojonov and AwHassan, 2014) . Particularly relevant for the area, it has been estimated that with only 1°C increase in temperature, the demand for agricultural irrigation in the arid and semi-arid regions of central Asia is estimated to increase by at least 10%, due to increased potential evapotranspiration (Fischer et al, 2007) . Perelet (2007) estimates that the availability of water in the two main rivers of central Asiathe Amu Darya and Syr Darya -will be reduced due to climate change impacts, which potentially will impact on both food security and the maintenance of environmental flows within these rivers and their tributaries.
There are significant implications of these projected levels of climatic change which will drive spatial redistribution and shifting of bioclimatic conditions across the region, and impact on terrestrial ecosystems, vegetation types, wildlife habitat, growing conditions, and agricultural and pastoral production systems (Zomer et al, 2014) . For example, the lower limit of fir trees in the Tien Shan is reported to have shifted 100 to 200 meters upslope (Alibekov, 2000) . These areas, formerly mountain forests, are now being replaced by sedge-meadow grass formations. Other factors, such as cutting and/ or grazing of animals may also have contributed to this change.
Assumptions, sources of uncertainty, and other limitations
Water availability for human activities and maintaining a healthy terrestrial and aquatic ecosystem function is dramatically more important in arid regions such as central and south-central Asia, where there are strong competing demands, including for maintaining natural ecosystems and biodiversity. As such, understanding the hydrological implications of climate change becomes a crucial element of the knowledge required for planning and implementing science-based adaptation strategies and sustainable national development policies. Unfortunately, the ranges of the precipitation projections are still quite uncertain for central Asia, as well as for many other regions in the world, and particularly so in the mountainous region of Asia and elsewhere. Given the low absolute amounts of precipitation and high inter-annual, seasonal, and spatial variability of precipitation across the region already, earlier IPCC AR4 predictions have been deemed not to be reliable (Lioubimtseva, 2007) . For smallscale farming, rain-fed agriculture, pastoral systems, and the assessment of human vulnerability, and to some extent of natural ecosystems as well, the changes in the spatial and temporal distribution of precipitation, and inter-and intra-annual variability, maybe more relevant than absolute precipitation values (Lioubimtseva and Henebry, 2009 ). However, these important dimensions of year to year variability and the intra-annual nuances of climate change are also more difficult to model and project.
In this paper, we report the mean annual results for a set of bioclimatic indicators which includes the basic climatic parameters of mean annual temperature, precipitation, potential evapotranspiration, and an aridity-wetness index. In-situ soil water balance modelling is done on a monthly basis, and provides a simple overview of the hydrological status of a spatially referenced and delineated area, dividing the input of precipitation into three compartments, namely 1) vapour flow or actual evapotranspiration (AET), 2) soil water content (SWC), and excess in-situ water or runoff (ROF). It does not account for overland flow or ground water inputs, and as such is most relevant to rainfed agricultural, pastoral and natural ecosystems. In order to account for the variability amongst the various ESM projections, we have adopted the multi-model ensemble approach, which averages the results of all the models within each of the RCPs, and has been shown to generally give more reliable results (based on comparison of the modelled historical reconstruction versus observed data) than any particular model chosen randomly for any particular area (Mora et al, 2013) . The results presented in this paper represent the general consensus among the various CIMP5 ESM projections.
Other sources of uncertainty also include the downscaling of the original model results to 1 km 2 , and the density of weather station networks from which the downscaled data has been spatially interpolated. This is particularly of issue within mountainous and very remote regions where reliable weather station data may be both spatially and temporally sparse. 
Methods overview
This report provides an overview of a geospatial analysis of projected climate change across the seven countries of central and south-central Asia. Results have been articulated for the whole of this region, and for each of seven countries. Although all four of the IPCC AR5 RCP have been modelled and analysed, for clarity of presentation, maps sometimes only show results for RCP 4.5 and RCP 8.5 (i.e. not all four of the RCPs), in keeping with common practice in the literature. All statistics for all four of the RCPs are given in the summary tables. It is generally agreed that RCP 2.6 (the best case scenario) is unlikely, given current global trends (IPCC, 2013) . In general, comparing RCP 4.5 and 8.5 should provide the full realistic range of future climate projections. The concentration trajectory for RCP 6.0 does not diverge above RCP 4.5 until after 2060, and before then (i.e. 2050) is relatively similar to RCP 4.5 (Figure 1 ).
Year of climate departure
Most ecological and sociological systems can adapt to climate change over time, although this might not be the case for all species. However, the time frame in which climates will reach unprecedented states (i.e. climatic conditions not seen before in that location) may strongly determine the magnitude of disruption in ecosystems and the ability of species to adapt and avoid extinction. We use data provided by Mora et al (2013) to give an indication of the projected timing of climate departure. This index gives an estimate of the year when the climate (i.e. near-surface air temperature) exceeds the bounds of historical variability for a particular location, as determined by all consecutive years after that date being outside the bounds of variability over the past 140 years (Figure 1 ). Although this index gives a date in the future for unprecedented climatic conditions, this does not mean that change is not already occurring. Mora et al (2013) provide estimates for RCP 4.5 and RCP 8.5, based upon all 39 available CIMP5 models, at a resolution of 100 km 2 . When compared spatially, i.e. over the whole of central and south-central Asia, it can give an indication of the relative rate of warming by region and locale. The earlier the date of departure, the more rapid the rate of warming in that locale.
Projected changes in temperature and precipitation
An analysis, using a multi-model downscaled ensemble (n=63) of CIMP5 Earth System Models (ESM) applied across four RCPs, has been used to assess climate change and its impact on temperature and growing conditions by the year 2050 within the 15 selected BSAP Priority Areas. We give the average results of all models within each RCP. A table of all CIMP 5 ESMs used in the analysis is given in Appendix 2. The RCPs represent the range of approved IPCC AR5 CO 2 emission scenarios, with RCP 2.6 representing aggressive mitigation, and RCP 8.5 following a trajectory of "business as usual" (Figure 2 ). We have used the Worldclim meteorological dataset (Hijmans et al, 2005) , which gives climate values based on data averaged from 1960 through 2000, as the current conditions baseline.
Projected changes in potential evapotranspiration and aridity-wetness index
For each priority area we provide an overview of the expected change in mean annual temperature, mean annual precipitation, mean annual potential evapotranspiration (PET), and the mean annual aridity-wetness index (AWI). The aridity-wetness index (AWI) is an integrative measure applicable to assess the moisture (precipitation) available for plant growth, i.e. after evapotranspiration. The higher the value of AWI, the more moisture is available. In general, 1.0 represents saturated conditions, i.e. more than enough water, and .65 is approximately a threshold for adequate moisture to support rain-fed agriculture under semi-arid conditions. It is based on a ratio of the amount of annual precipitation compared to the PET. The PET, which has been modelled individually based on each of the individual model projections for the entire region, is a measure of the total potential amount of transpiration (from plants) and evaporation (from soil) that can be expected under existing (or projected) temperature and relative humidity conditions. In short, PET is a measure of the ability of the atmosphere to remove water through ET processes, that is, transpiration by plants, and evaporation from soil and other water sources, such as interception of precipitation by the canopy. The AWI is calculated as the ratio of mean annual precipitation to the mean annual PET. A complete explanation of the methodology used to calculate PET is presented in Appendix 1, as per Zomer et al (2008) . In-situ soil-water balance model A simple water balance approach, using the ensemble of future climate projections, is used to estimate impacts on hydrological cycles at the regional scale, at a resolution of 1 km. Hydrologic impacts of climate change are modelled and analysed in terms of in-situ soil-water balance and vapour flow response. The model is applied on a per-pixel basis to estimate spatially disaggregated biophysical conditions, and to predict hydrologic changes with change in future climate conditions. The spatially distributed water balance model is used to examine hydrological differences in actual evapotranspiration, soil water content and runoff. This model uses the average spatially distributed values of monthly precipitation and monthly potential evapotranspiration (PET), land use classes, soil depth and soil water holding capacity, and returns monthly spatially-distributed raster data representing actual evapotranspiration (AET), surface runoff (ROF) and soil water content (SWC). All the results are computed on a monthly basis throughout a year for current climate and future projected scenarios, and the results are aggregated into yearly figures. A complete explanation of the methodology used to calculate AET, ROF, and SWC is presented in Appendix 1, as per Zomer et al (2008) .
Environmental stratification and delineation of bioclimatic zones
The Global Environmental Stratification (GEnS) classification and taxonomy (Metzger et al, 2013a) , used as a contextual reference for our analysis, is a statistical stratification of the world's land surface into homogeneous bioclimatic strata facilitated by high-resolution global climate datasets, representing a considerable advance (Metzger et al, 2013a; 2013b; Sayre et al, 2014) over earlier global attempts at bioclimatic or ecosystems mapping (Holdridge, 1947; Thornthwaite, 1948; Peel et al, 2007) . Based on a statistical clustering of significant climate variables, the GEnS provides a global stratification that can: a) quantitatively relate the spatial distribution of ecosystems to an identified set of bioclimatic parameters; b) provide a consistent methodology across landscapes and countries that have so far mostly been studied using different protocols, approaches and taxonomies; and c) allow for a statistical modelling of bioclimatic zonal shifts that can be used to estimate the direction and magnitude of impacts on ecosystems due to climatic changes.
The GEnS, based on high-resolution geospatial monthly climate datasets averaged from 1960 to 2000 (Hijmans et al, 2005) , characterizes recent conditions to stratify the globe into 125 strata, aggregated into 18 zones. This quantitative approach allows for using an identified set of statistically significant parameters and the statistical profiles of the various strata to reconstruct the stratification based on projected future conditions (i.e. using the parameter values derived from modelled climate scenarios). The strata continue to represent bioclimatic conditions similar to the original strata (i.e. recent climatic conditions), but may shift in areal extent or location. The change in distribution of the bioclimatic strata is analysed and used as a surrogate measure to describe the potential projected macro-level impacts of climate change on bioclimatic conditions, and by extension, terrestrial ecosystems (Metzger et al, 2008; Zomer et al, 2013; . When combined with other ecosystem, vegetation, or land use data, these shifts in spatial distribution can be interpreted in terms of projected impacts on ecosystems services, land use, wildlife habitats, risks to endemic or threatened species, or the risks and opportunities associated with future agricultural production.
The geospatial analysis and environmental stratification was performed in ArcGIS 10.2 (ESRI 2013) using the global datasets listed below, along with various national and local secondary datasets and information collected on land use and biodiversity, and a remote-sensing based land use change analysis described below, to corroborate and interpret results: Modelling of projected future bioclimatic conditions Metzger et al (2013a) identified a set of significant bioclimatic parameters, based on a statistical screening of the various global climate datasets. Principal Component Analysis (PCA) of the global dataset revealed that 99.2% of the total variation was determined by four variables:
T mean DD > 0 is defined as the annual sum of daily mean temperature degrees of days with a mean temperature above 0°C, reflecting latitudinal and altitudinal temperature gradients, and plant growth periods (Hijmans et al, 2005) ; Aridity-Wetness Index (AWI) is defined as the ratio of annual precipitation over annual potential evapotranspiration (PET) and forms an expression of plant available moisture ;
Monthly Mean Temperature Seasonality is defined as the standard deviation of the monthly temperature means, and is a measure of temperature seasonality (Hijmans et al 2005) ;
PET Seasonality is defined as the standard deviation of the monthly PET means, and is a measure of seasonality of plant available moisture .
These four bioclimatic variables were used as the input to the ISODATA clustering routine in ArcGIS to classify the GEnS environmental strata (Metzger et al, 2013a) . Projected impacts have been modelled by reconstructing the stratification based upon current and future climate conditions, as modelled by an ensemble of 19 Earth System Models (ESM) provided by the Coupled Model Intercomparison Project -Phase 5 (CIMP5) (Meehl and Bony, 2011) , using the same set of significant bioclimatic variables. The statistical signature profiles of the strata have been reconstructed for central and south-central Asia, based upon a multivariate analysis (maximum likelihood classification) of these four bioclimatic variables (using the original GEnS). These signature profiles were then used to reconstruct the current conditions (referred to as the CA_EnS) and to project the future spatial distribution of the CA-EnS strata based upon the CIMP5-modelled future climate conditions in 2050.
Four atmospheric greenhouse gas concentration trajectories, or representative concentration pathways (RCP) (Vuuren et al, 2011) were analysed using the CIMP5 model predictions for the year 2050 (average of 2040-2060), ranging from RCP 2.6 (aggressive mitigation/lowest emissions) to RCP 8.5 ("business as usual" scenario). CIMP5 model results were downscaled using the Delta method (Ramirez-Villegas and Jarvis, 2010) to 30 arc sec-resolution (equivalent to ~1 km 2 at the equator). The Maximum Likelihood Classification algorithm in ArcGIS 10.2 was used to construct the projected future spatial distribution of strata and zones, using the modelled future climate conditions as predicted by each of the emission scenario combinations (n=63) as input parameters. All models within each RCP were combined into a majority ensemble result, using the class with the majority of occurrence within any particular grid cell as the class for that location. The rate of occurrence of other classes is used as a measure of the uncertainty among models. Mora et al (2013) tested the robustness of the CIMP5 model ensemble based on historical observation data and found a high correlation when using multi-model averages. Other sources of uncertainty in our analysis include the difficulties associated with model predictions in highly heterogeneous terrain and landscape, such as the mountainous areas of central Asia.
Projected climate change
Year of climate departure
The two countries of south-central Asia and south-eastern portions of central Asia (namely Tajikistan) appear to be approaching novel sets of bioclimatic conditions more rapidly than the northern portions of the region (Figure 3) . The estimated year of climate departure for the various countries of the greater central and south-central Asia region ranges from the 2061 to 2086 under the more moderate RCP 4.5 emissions scenarios, and ranges from 2040 to 2054 under the "business as usual" RCP 8.5 scenario. This is slightly earlier than for the global average of 2069 for RCP 4.5 and 2047 for RCP 8.5 (Mora et al, 2013) .
Mean annual temperature
The spatial distribution of mean annual temperatures for the region highlights the latitudinal temperature gradient, clearly discernible across the region from south to north, showing that the southern portions of these regions are substantially warmer. The higher elevations of the mountainous countries of Kyrgyzstan and Tajikistan, and the central regions of Afghanistan are reflected in their respective low mean annual temperatures. The farther north location of Kazakhstan is likewise reflected in colder temperatures. Projected temperature changes are evident across the region, with colder areas noticeably retreating, mountain tops warming, and a general warming trend seen moving north across the steppes of central Asia, with a marked expansion of warmer areas. Averaged mean annual temperatures for the "current" period of 1960-2000 (referred to in the tables and maps simply as "2000") for the seven countries in the region ranged from a low of 1°C in Kyrgyzstan to 15.2°C in Turkmenistan, and over 20°C for Pakistan (Figure 4) . By the year 2050, mean annual temperatures for these seven countries are projected to increase by, on average across the four emission scenarios (Figure 5) , from 2.4°C to 3.2°C. Kazakhstan shows the largest increase in temperature in the region, with Pakistan having the lowest (possibly due to the moderating influence of its proximity to the ocean). For the region overall, the average mean annual temperature of 9.3°C is projected to rise on average 2.9°C, with the range of projections across the emission scenarios ranging from 2.4°C to 3.5°C, with the "business as usual" RCP 8.5 scenario having the highest increases in temperature. 
Mean annual precipitation
An overview of the spatial distribution of annual precipitation (Figure 6 ) reveals the important role of the relatively wet mountainous areas as water towers for the entire region. High levels of precipitation (e.g. more than 1000 mm annually) are found concentrated in these higher elevation areas, including northern Pakistan, eastern Afghanistan, Tajikistan, and Kyrgyzstan, while most of the rest of the region receives considerably less rainfall or snow. Along the latitudinal gradient, there appears to be an increase in precipitation while moving north or northeast. However, the overwhelming majority of higher rainfall areas are found in the mountainous east central part of the region. In general, the central and south-central Asia region is quite arid, with a mere 261 mm of annual precipitation for the region as a whole (Figure 7) . Tajikistan receives the most precipitation in the region (560 mm) with Turkmenistan receiving the least (163 mm). Almost all countries of the region are projected to experience slight increases in precipitation, on average 26 mm by 2050, except for Afghanistan which is projected to experience a 10 mm decrease. Kyrgyzstan will see the largest increase (30 mm), with Turkmenistan remaining nearly the same with only a very slight increase (3 mm).
Overall, confidence levels in the precipitation projections of the CIMP5 Earth System Models are still quite low, with the variability among models generally higher than for the temperature projections. In our case, we have used the multi-model ensemble to aggregate, average, and to generally present a consensus view of the model results (n=63). Although variability within the various results of any one RCP may be higher, there does, however, seem to be a strong convergence amongst the RCPs, as evidenced by the relatively narrow range across the four RCPs. 
Mean annual potential evapotranspiration (PET)
High levels of potential evapotranspiration (PET) are evident across the region, with the highest PET found in the southern portions of Pakistan and Afghanistan, and markedly decreasing along the latitudinal gradient while moving north. Lower values are found in the colder high altitude zones. The averaged mean PET for the whole central and south-central Asia region of 1095 mm increases by more than 8% to 1187 mm by 2050, indicating potentially high water demand by both managed agricultural and pastoral systems, and natural (unmanaged or lesser managed) ecosystems. All seven countries within this region show a similar increase in PET, i.e. of approx. 8-9% or just under 100 mm on average. Afghanistan shows the largest increase (118 mm), while Pakistan, with a high PET of 1629 mm, increases by the least amongst the countries (83 mm) to the highest value of 1712 mm, many times more than the 265 mm of precipitation it annually receives on average. These results seem to indicate that any benefit derived from increased precipitation will merely compensate for the increase in PET (driven by increasing temperatures). 
Mean annual aridity-wetness index (AWI)
The Aridity-Wetness Index (AWI; a unit-less measure) is a general indicator of bioclimatic and plant growth conditions, and is essentially a ratio of the amount of precipitation any one spot receives over the total PET, i.e. how much of the total PET requirement is satisfied by precipitation. Using this measure, 1.0 would indicate that the PET requirement was fully met, with 0.65 often used as a threshold for semi-arid conditions. Within this context, the mean AWI of 0.29 for the region indicates largely arid conditions. In the mountainous regions, however, there are spatially concentrated higher (>1.0) AWI values, again underscoring the important role of these mountains as water towers for the region. AWI also increases along the latitudinal gradient towards the northern and north-eastern portions of the region.
Turkmenistan has the lowest AWI in the region (0.12), indicating a very severely arid climate, along with Uzbekistan (0.17), while Kyrgyzstan (0.60) and Tajikistan (0.84) have the more mesic climates in the region. All countries experience a decrease in AWI (indicating a more arid climate) by 2050. Turkmenistan and Uzbekistan only decrease very slightly, but Tajikistan decreases from 0.84 to 0.77, indicating a significant trend towards increasing aridity for the region. It is assumed that any benefit of increased precipitation has been more than compensated for by an increased PET, leaving the more integrated measure of the AWI to decrease, both regionally, and for each of the individual countries. In-situ hydrologic status: soil-water balance model A simple but spatially articulated soil-water balance approach has been used to model insitu hydrological status, divided into three basic components, namely vapour flow (actual evapotranspiration or AET), soil water content (SWC), and excess in-situ water, similar to "runoff" (ROF). Since the model only calculates in-situ (within the gird cell) processes and precipitation as the only input, without accounting for overland flow, we use "excess in-situ water" as the term for that portion of the input into the grid cell (i.e. precipitation), left over after actual evapotranspiration (AET) and accounting for water stored within the soil matrix (SWC) component. Annual vapour flow, or AET, differs from PET in that it takes land use and its specific evaporation and transpiration characteristics into account, providing an estimate of the actual amount of water evaporated and transpired, i.e. a value substantially lower than PET in water-limited environments, such as is evident throughout most of central and south-central Asia. An in-depth presentation of the hydrological modelling approach is described in Appendix 1.
As with PET, we see a slight increase in AET generally for all seven countries, averaging about 7% for the region as a whole (Figure 12 ). Kyrgyzstan has the highest AET and Turkmenistan the lowest. However, values are similar across the region, that is, relatively low reflecting the arid and water limited environment.
The spatial modelling of the SWC component ( Figure 13 ) revealed that northern portions of the region have generally wetter soil conditions, as do the higher elevations and more mountainous areas. In general, however, soil conditions are quite dry, with Kazakhstan (40 mm) and Kyrgyzstan (31 mm) having the moister soil conditions, although these levels are quite low. Particularly dry soil conditions, on average, are found in Turkmenistan (12 mm), and Pakistan (13 mm). SWC is not projected to change much by 2050, but this could be a bias of the model, as soil moisture conditions seem less sensitive to changes than other parameters.
Tajikistan (359 mm) has the highest excess in-situ water (ROF) in the region, followed by Kyrgyzstan (189 mm), with Turkmenistan (15 mm) having the lowest and least favourable moisture conditions. For the region as the whole (Figure 14) , the average is a quite low 60 mm, with concentrations of higher ROF values in the higher elevations. On a whole, there is very little change indicated in this water balance by 2050, primarily as high temperatures are increasing PET, and consequently AET, and slightly moister projected conditions are compensating for this increase in vapour flow. However, contrary to the AWI, the soil-water balance model projects a very slight (to non-existent) increase in in-situ excess water for all the regional countries, except Afghanistan, which experiences a slight decrease in ROF. However, the actual quantities (in mm) are minimal (Figure 15 ), but are amplified by the generally arid climatic conditions for the region. 
Projected change in spatial distribution of bioclimatic conditions
Bioclimatic stratification
Eighteen major bioclimatic zones were identified through this study as currently found within central and south-central Asia (Figure 16 ), ranging from Extremely Hot and Moist at low elevations in the south, to Extremely Cold and Wet zones at the higher elevations (Table 1) . Mean annual temperatures for these zones are generally inversely correlated with their average elevation, however the zonal distribution of bioclimatic conditions also reflects a strong influence of latitudinal temperature and moisture gradients. Bioclimatic zones are generally dry to mesic (with the exception of the small area of Extremely Hot and Moist zone found primarily in Pakistan), reflecting the low average precipitation of the bioclimatic zones across the region. This is likewise evident in the AridityWetness Index, which indicates relatively dry to extremely dry conditions for all the zones except the highest elevation Cold and Wet to Extremely Cold and Wet zones.
The two Cool Temperate zones lying across the northern stretches of central Asia, with relatively low average elevation, comprise more than half of the combined central and south-central Asia region (58%). Of the 18 zones, only 10 zones individually cover more than 1% of the total regional area, with the four most extensive zones (i.e. Cool Temperate and Warm Temperate) comprising more than 76% of the total area. Zones with smaller overall areal extent may nevertheless cover thousands of square kilometres and/or be important, for example as water source regions, or provide distinct bioclimatic conditions and niche habitat for biodiversity or specialized niche-specific agro-ecosystems.
Projected change in spatial distribution of bioclimatic zones
By the year 2050, substantial shifting and spatial displacement of the bioclimatic zones is seen across the region for all four RCPs (two of which, are shown in Figure 16 ; RCP 4.5 representing an "almost best case which can be hoped" for scenario, and RCP 8.5 being business as usual). Zones shift On average, the average mean elevation of all the bioclimatic zones shifts upward by 220 m (Table 2) . However, not all zones shift upward. Three zones shift their mean elevation downward (in conjunction with significant spatial displacement). Upward shifting of both the mean elevation, and the minimum and maximum elevations are more evident in the cool to colder zones (Figure 18 ), which are also the higher elevation zones found primarily in the mountainous regions, several of which shift in excess of 500 metres upward in mean elevation. Almost all of the zones shift upward substantially in their maximum elevational extent, and most also shift upward in their minimum elevational extent (or at least stay approximately at the same minimum elevation). The warmer zones all increase the extent of their elevational range substantially.
A similar distribution is seen in the latitudinal range and mean latitude of the CA_EnS bioclimatic zones (Figure 19 & Table 3 ). The coldest and higher elevation zones, restricted to the mountain do not show the latitudinal shift, however most of the warmer and lower elevation zones show a pronounced northward shift in their mean latitudinal range, average of 87 km northward (for all zones). Likewise, there is a large shift in maximum northward latitude of 102 km on average. A few zones also show a southerly expansion of their range as well, however, the average southern limit of bioclimatic zones moves northward by 62 km. 
Summary and conclusions
Understanding and planning for adaptation and mitigation of climate and environmental change is crucial to implementation of sustainable development and effective environmental and biological conservation in central and south-central Asia. Climate change is and has been on-going, and is already evident and widely observed across the region. Meteorological data series for central Asia have shown a steady increase of annual and winter temperatures since the beginning of the 20 th century. Generally in line with predictions by global climate change models, the frequency of droughts has been observed to increase over the last few last decades, highlighting the predicted increase in inter-annual, as well as intra-annual variability and frequency of extreme events.
Overall, the results of the spatial analysis based upon the CIMP5 Earth System Model projections indicate a fairly quick and drastic change in the spatial distribution of bioclimatic conditions across the central and south-central regions, and predict significant and increasing biophysical and biological perturbation for biodiversity, ecosystems, ecosystem services, and agricultural and pastoral production systems, in the near-to medium-term future under all scenarios. The magnitude of the predicted change indicated by our analysis points to a prolonged period of profound impacts on terrestrial ecosystems, and ecosystem services across central and south-central Asia. This perturbation is predicted to be fully under way by 2050 as a result of warming and climate disruption, and the shifting of bioclimatic conditions spatially, particularly in mountainous regions. This change will impact upon and have increasingly substantial and direct impacts on ecosystems, biodiversity, agricultural crops, pastoral systems, water resources, as well as human health and livelihoods, throughout this region as this century progresses. Likewise, effectiveness of conservation efforts will be affected, as ecological conditions across the region may change beyond limits conducive for the species currently found within narrow niches or designated protected areas, or allow for newly invasive species.
A major conclusion to be drawn from this report is the overriding necessity to recognize the now central role of a rapidly changing climate and environment across central and south-central Asia, and the need to incorporate, mainstream and plan for adaptation within almost all aspects of sustainable development and conservation planning, efforts and policy. Below we list some of the major findings of the analysis and this working paper.
Major findings
Bioclimatic indicators
The two countries of south-central Asia, namely Afghanistan and Pakistan, and south-eastern portions of central Asia (namely Tajikistan) appear to be approaching novel sets of bioclimatic conditions more rapidly than the northern portions of the region. The estimated year of climate departure for the various countries of the greater central and south-central Asia region ranges from 2040 to 2086. This is slightly earlier than for the global average (Mora et al, 2013) . Even under the best case scenario (RCP 4.5), the entire region will experience novel climatic conditions within a little more than 60 years, by 2086 at the latest.
By the year 2050, mean annual temperatures for these seven countries are projected to increase by, on average across the four emission scenarios, from 2.4 to 3.2°C. Kazakhstan shows the largest increase in temperature in the region, Pakistan the lowest (possibly due to the moderating influence of the ocean). For the region overall, the average mean annual temperature of 9.3°C is projected to rise on average 2.9°C, with the range of projections across the RCPs ranging from 2.4°C to 3.5°C.
The central and south-central Asia regions are both quite arid, with a mere 261 mm of annual precipitation for the combined region as a whole. Tajikistan receives the most precipitation in the region (560 mm); Turkmenistan the least (163 mm).
Almost all countries of the region are projected to experience slight increases in precipitation, on average 26 mm by 2050, except for Afghanistan, which is projected to experience a 10 mm decrease. Kyrgyzstan will see the largest increase (30 mm), and Turkmenistan remains nearly the same with only a very slight increase (3 mm). However, overall confidence levels in the precipitation projections of the CIMP5 Earth System Models are still quite low, with the variability among models generally higher (i.e. of lower confidence levels) than for the temperature projections, which has a higher level of agreement among models.
The averaged mean PET for the whole central and region of 1095 mm increases by more than 8 % to 1187 mm by 2050, indicating potentially high water demand by both managed agricultural and pastoral systems, and natural (unmanaged or lesser managed) ecosystems. All seven countries within this region show a similar increase in PET, i.e. of approx. 8 -9% or just less than 100 mm on average. These results seem to indicate that any benefit derived from increased precipitation will likely just compensate for the increase in PET (driven by increasing temperatures).
The Aridity-Wetness Index (AWI) is a general indicator of bioclimatic and plant growth conditions. Turkmenistan has the lowest AWI in the region (0.12), indicating a very severely arid climate, along with Uzbekistan (0.17), while Kyrgyzstan (0.60) and Tajikistan (0.84) have the slightly more mesic climates in the region. All countries experience a decrease in AWI (indicating a more arid climate) by 2005. Turkmenistan and Uzbekistan only decrease very slightly, however, Tajikistan decreases from 0.84 to 0.77 indicating a significant trend towards increasing aridity for the region in a relatively short period of time.
A simple, spatially articulated soil-water balance approach, used to model in-situ hydrological status, indicated that Tajikistan has the highest in-situ excess water (359 mm) for the region, followed by Kyrgyzstan (189 mm), with Turkmenistan (15 mm) having the lowest and least favourable moisture conditions. For the region as the whole, the average is a quite low 60 mm, with concentrations of higher values (more humid conditions) in the higher elevations. Very little change in this water balance indicated by 2050, primarily as high temperatures are increasing PET, and consequently AET, and slightly moister projected conditions are compensating for this increase in vapour flow.
Projected change in spatial distribution of bioclimatic conditions
Eighteen major bioclimatic zones were identified through this study as currently found within central and south-central Asia, ranging from Extremely Hot and Moist at low elevations in the south, to Extremely Cold and Wet zones at the higher elevations.
Mean annual temperatures for bioclimatic zones are generally inversely correlated with their average elevation. However, the zonal distribution of bioclimatic conditions also reflects a strong influence of latitudinal temperature and moisture gradients.
Bioclimatic zones found within the region are generally dry to mesic (with the exception of the small area of Extremely Hot and Moist zone found primarily in Pakistan), reflecting the low average precipitation across the region. This is likewise evident in the Aridity-Wetness Index, which indicates relatively dry to extremely dry conditions for all the zones except the highest elevation Cold and Wet to Extremely Cold and Wet zones.
Cool Temperate zones stretched across the northern portions of central Asia, with relatively low average elevation, comprise more than half of the total combined region (58%). Of the 18 zones, only 10 zones individually cover more than 1% of the total regional area, with the four most extensive zones (i.e. the Cool Temperate and the Warm Temperate) together comprising more than 76% of the total area.
By the year 2050, substantial shifting and spatial displacement of the bioclimatic zones is seen across the region. Zones shift both upslope and northward. The average mean elevation of all the bioclimatic zones shifts upward by 220 m. Not all zones shift upward, with three zones shifting their mean elevation downward (in conjunction with significant spatial displacement). Upward shifting of both the mean elevation, and the minimum and maximum elevations is more evident in the cool to colder zones, which are also the higher elevation zones found primarily in the mountainous regions, several of which shift in excess of 500 metres upward in mean elevation. Almost all of the zones shift upward substantially in their maximum elevational extent, and most also shift upward in their minimum elevational extent (or at least stay approximately at the same minimum elevation). The warmer zones all increase the extent of their elevational range substantially.
A similar distribution is seen in the latitudinal range and mean latitude of the bioclimatic zones. The coldest and higher elevation zones, restricted to the mountain, do not show the latitudinal shift. However, most of the warmer and lower elevation zones show a pronounced northward shift in their mean latitudinal range, with an average 87 km northward migration (for all zones). Likewise there is a large shift in maximum northward latitude of 102 km on average. A few zones also show a southerly expansion of their range as well, however, the average southern limit of bioclimatic zone moves northward by 62 km.
Impacts on specific ecosystems, ecosystem function, ecosystems services, vegetation types, wildlife, and/or agricultural and pastoral production systems, are difficult to predict, as the spatial distribution of life forms and ecosystems cannot be defined in purely eco-physiological terms, and are likewise subject to other secondary change processes, e.g. disruption of pest or pollinator cycles or invasive species. Although ecosystem and production ranges may shift, the ability to survive, adapt or benefit from these changes is system-and to a certain extent, site-specific, and depends on many factors as to the degree of vulnerability, not the least of which is the socio-ecological resilience of that system, and along with its socio-economic capacity for adaptation. Better understanding these responses is among the efforts that must be implemented if sustainable development and adaptation strategies and policies are to be effective within the context of a rapidly changing climate. The results of this analysis forewarn of a prolonged period of climate perturbation and ecological disruption and potentially widespread extinctions, without concerted conservation efforts to mitigate habitat loss.
Based on improved knowledge of projected changes, impacts and responses, and science-and evidence-based decision making and planning, a number of actions (and tools) are available to incorporate and mainstream climate change and adaption into policy and decision-making at various scales and levels. A number of authors have reviewed recommendations for adaptation strategies (Mawdsley et al, 2009) , biodiversity management in the face of climate change (Heller and Zavaleta, 2009) , and incorporating climate change into systematic conservation planning (Groves et al, 2012) . All stress the need to incorporate a fundamental awareness of on-going rapid climatic change in all levels of sustainable development and conservation planning and policy. In response to anticipated effects of climate change, development and conservation organizations and government agencies throughout the world are developing "adaptation strategies" at various scales to facilitate the adjustment of human society and ecological systems to altered climate regimes.
Appendix 1
In-situ water balance model A spatially distributed Thornthwaite-Mather water balance modelling approach (Thornthwaite 1948; Thornthwaite and Mather 1955) has been used to examine hydrological differences in actual evapotranspiration, soil water content and runoff. This model uses the average spatially distributed values of monthly precipitation and monthly potential evapotranspiration (PET), land use classes, soil depth and soil water holding capacity, and returns monthly spatially-distributed raster data representing actual evapotranspiration (AET), surface runoff (R) and soil water content (SWC). All the results are computed on a monthly basis throughout a year for current climate and future projected scenarios, and the results are aggregated into yearly figures.
A soil water balance budget is computed as height of water in mm for each month (m), as:
where:
Δ SWC m is the change in soil water content, EPrec m is the effective precipitation, AET m is the actual evapotranspiration, and R m is the runoff component, which includes both surface runoff and subsurface drainage. SWC can never exceed a maximum value, SWC max , which is the total SWC available for evapotranspiration (ET).
Therefore, the SWC at the end of the month, is equal to: Method of calculation for the component terms in these formulas are explained in the following sections.
Monthly Potential Evapotranspiration (PET)
Potential evapotranspiration (PET) is estimated on a regional scale to calculate the Aridity Index (AI). PET is a measure of the ability of the atmosphere to remove water through ET processes. The FAO introduced a definition of PET as the ET of a reference crop in optimal conditions having the following characteristics: well watered grass with an assumed height of 12 cm, a fixed surface resistance of 70 s/m and an albedo of 0.23 (Allen et al, 1998) . Five different methods of calculating PET were tested to determine which equation performed the best for the objectives of this analysis: Thornthwaite (Thornthwaite, 1948) , Thornthwaite modified by Holland (Holland, 1978) , Hargreaves (Hargreaves et al, 1985) , Hargreaves modified by Droogers (Droogers and Allen, 2002) , and the FAO Penman-Monteith global dataset (Allen et al, 1998) at 20 km resolution (available online). Values for PET calculated using each of the above five methods were compared to PET values for specific climate stations calculated using climate station data (n=2288). These PET values are calculated using the more complex Penman-Monteith model applied to direct observations of the various climatic parameters, and were obtained from the FAOCLIM climate station dataset (Allen et al, 1998) , available online from FAO. Based on the results of the comparative validation, the Hargreaves model was chosen to model PET globally for this study. This method performed almost as well as the FAO Penman-Monteith method, but required less parameterization, and had significantly lower sensitivity to error in climatic inputs (Hargreaves and Allen, 2003) . This allowed for its application at a finer resolution (at 1 km; resolution of the FAO Penman-Monteith dataset is 20 km). Hargreaves (1994) uses mean monthly temperature (Tmean), mean monthly temperature range (TD) and extraterrestrial radiation (RA, radiation on top of atmosphere) to calculate PET, as shown below:
Actual Evapotranspiration and Green Water Vapour Flows
Actual evapotranspiration (AET) is the quantity of water that is removed from the soil due to evaporation and transpiration processes (Maidment, 1992) . AET is dependent on vegetation characteristics, quantity of water available in the soil and soil hydrological properties (mainly soil water retention curves) (Allen et al, 1998) : The maximum amount of soil water available for ET processes within the plant rooting depth zone, here defined as SWC max , is equal to the SWC at field capacity (SWC fc ) minus the SWC at wilting point (SWC wp ) times the rooting depth.
SWC max = RD* (SWC fc -SWC wp ) [6] where:
SWC max = maximum soil water content available for ET (mm); RD = rooting depth (mm);
SWC wp = soil water content at wilting point (mm/mm); and SWC fc = soil water content at field capacity (mm/mm).
Soil water content at field capacity and wilting point are available from literature for the various soil texture typologies (Jensen et al, 1990 (Allen et al, 1998) . A global dataset of ecosystem rooting depth (Schenk and Jackson, 2002) was used to scale rooting depth of the various vegetation types to more realistic water stressed conditions.
The soil stress coefficient (Ksoil) represents the ET reduction factor resulting from the limit imposed by the absolute volumetric soil water content. The model uses a simple linear soil moisture stress function that is considered appropriate for monthly computation (Dyck 1983) :
SWC m = soil water content averaged over the month
Effective precipitation
Effective precipitation (EPrec), that part of precipitation that adds water to the soil, is calculated as the gross precipitation (GPrec) minus the precipitation intercepted by canopy cover and litter (Int). The quantity of rain intercepted is proportional to the interception coefficient Kint, specific for different types of land use, calculated as a fraction of GPrec. Rain interception is the process by which precipitation is intercepted by the vegetation canopy (canopy interception losses) and litter (litter interception losses), where it is subject to evaporation. Interception (Int) has an important role in the water budget, as it reduces the amount of precipitation available for SWC. The losses due to interception depend on vegetation type, vegetation cover and the intensity, duration, frequency and form of precipitation (Dingman, 1993) . Observations derived from several experiments demonstrate that vegetation interception is a mechanical function of the storage space of vegetation structure (Wilm, 1957) . Forests with dense crowns and large leaf areas have higher interception losses (IPCC, 2000) , cloud forests being the exception. Interception losses are greater for evergreen forest compared to seasonally leaf-shedding (Schulze, 1982; and for fast-growing trees compared to slow-growing trees (IPCC 2000) . Thin or sparse vegetation shows low values of interception (Wilm, 1957) . Interception values for the various land use types were modelled by combining interception coefficients, widely available in the literature for the six vegetation classes, namely Tree, Shrubs, Pasture, Grass, Crop and Bare Land (Hamilton and Rowe, 1949; Young et al, 1984; Thurow et al, 1987; Farrington and Bartle, 1991; Calder, 1992; Le Maitre et al, 1999; Schroth et al, 1999) , with the estimated occurrence of that vegetation class within a land use type.
For each month EPrec m is calculated as:
where: Int is equal to:
Therefore:
EPrec m = GPrec -(GPrec * K int ) GPrec *(1-K int )
[10]
The AET and Int components of the model are combined to quantify 'green water' vapour flows, i.e., that portion of precipitation that evaporates into the atmosphere, and is not available as runoff (or 'excess in-situ water').
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